During CNS development, oligodendrocytes, the myelinating glia of the CNS, progress through multiple transitory stages before terminating into fully mature cells. Oligodendrocyte differentiation and myelination is a tightly regulated process requiring extracellular signals to converge to elicit specific translational and transcriptional changes. Our lab has previously shown that the protein kinases, Akt and mammalian Target of Rapamycin (mTOR), are important regulators of CNS myelination in vivo. mTOR functions through two distinct complexes, mTOR complex 1 (mTORC1) and mTORC2, by binding to either Raptor or Rictor, respectively. To establish whether the impact of mTOR on CNS myelination results from unique functions of mTORC1 or mTORC2 during CNS myelination, we conditionally ablated either Raptor or Rictor in the oligodendrocyte lineage, in vivo. We show that Raptor (mTORC1) is a positive regulator of developmental CNS mouse myelination when mTORC2 is functional, whereas Rictor (mTORC2) ablation has a modest positive effect on oligodendrocyte differentiation, and very little effect on myelination, when mTORC1 is functional. Also, we show that loss of Raptor in oligodendrocytes results in differential dysmyelination in specific areas of the CNS, with the greatest impact on spinal cord myelination.
Introduction
Oligodendrocytes are the myelinating glial cells that ensheath and provide trophic and metabolic support to axons in the CNS. During development, these glial cells transition through multiple developmental stages before maturing to fully differentiated, myelinating cells. Many different factors have been established as critical regulators of the differentiation program, but the specific mechanisms linking extracellular factors to changes in gene expression remain elusive.
Previously, we and others have identified specific protein kinases that bridge communication between the extracellular and intracellular environments, as active participants in regulating the oligodendrocyte program Narayanan et al., 2009; Tyler et al., 2009; Fyffe-Maricich et al., 2011; GuardiolaDiaz et al., 2012; Ishii et al., 2012) . The phosphatidylinositol 3Ј kinase (PI3K) pathway is downstream of several growth factors that regulate oligodendrocyte and Schwann cell development (Sherman et al., 2012) . Our laboratory established that Akt and mTOR, downstream of PI3K, are critical mediators of oligodendrocyte myelination in vivo Narayanan et al., 2009) , while the Wood laboratory demonstrated that mTOR regulates oligodendrocyte differentiation in vitro (Tyler et al., 2009) . That study also highlighted unique roles for the different mTOR complexes in vitro. mTOR, a serine threonine protein kinase, exists in two functionally distinct complexes defined by free mTOR binding to rapamycin-activating protein to TOR (Raptor) or the rapamycin-insensitive companion to TOR (Rictor) to generate mTOR complex 1 (mTORC1) or mTORC2, respectively. Our earlier studies used an mTOR inhibitor, rapamycin, to block myelination, suggesting a significant role of mTORC1, since rapamycin was initially proposed as an mTORC1-specific inhibitor (Brown et al., 1994) . However, rapamycin has now been shown to affect both complexes upon chronic exposure or at high doses (Sarbassov et al., 2006; Thoreen and Sabatini, 2009 ). Therefore, to understand more specifically the role of the individual complexes in vivo, we generated mice in which we conditionally ablated Raptor (mTORC1) or Rictor (mTORC2) in developing oligodendrocytes to study their independent effects on differentiation and myelination throughout CNS development.
In these studies, we have established that mTORC1 has a major role regulating oligodendrocyte differentiation, active myelination, and proper myelin compaction on large caliber axons in the CNS. We show that deletion of mTORC1 in oligodendrocytes in Raptor conditional knock-out mice resulted in developmental delay and dysmyelination that varies in severity between different regions of the CNS. In particular, while oligodendrocyte devel-opment is delayed in both spinal cord and corpus callosum, the delay recovers in the corpus callosum, while there is a continued loss of oligodendrocytes in the spinal cord as the animal ages. Less is known about mTORC2 function compared with mTORC1, and in our animal model of Rictor ablation in oligodendrocytes, we observed selective changes in myelin proteins and RNA expression in different regions of the CNS. However, this did not result in a dysmyelinating phenotype at the ultrastructural level. In the CNS, our data on the loss of either Raptor or Rictor indicated that mTORC1 is a positive regulator of spinal cord oligodendrocyte differentiation and myelin sheath thickness, whereas mTORC2 has a less clear role in these processes, but it may have a negative impact on initial oligodendrocyte differentiation. mice, referred to as Rictor cKO animals. Littermate animals were used as controls, either Raptor fl/fl or Rictor fl/fl animals, respectively. Genotypes of all mice were determined by PCR analysis of tail genomic DNA using appropriate primers to detect the CNP-cre allele 5Ј (GATGGGGCT-TACTCTTGC; CATAGCCTGAAGAACGAGA). Recombination efficiency in oligodendrocytes in the CNP-cre mouse was determined by transgenic crosses to the ROSA reporter mouse (The Jackson Laboratory). Recombination was quantified by immunolabeling with antibodies against ␤-galactosidase (a gift from Dr. Tom Finger, University of Colorado, Aurora, CO) and Olig2, and counting oligodendrocytes that coexpressed both proteins (data not shown). All animal procedures were performed with the approval of the University of Colorado Institutional Animal Care and Use Committee.
Materials and Methods

Animals. Mice of either sex that coexpressed
Immunohistochemistry. The following primary antibodies were used: mouse anti-MBP (Covance), rat anti-PLP/DM20 (clone AA3; Yamamura et al., 1991) , mouse anti-MAG (Abcam), rabbit anti-MOG (Abcam), mouse anti-CNP (Sigma-Aldrich), mouse anti-CC1 (EMD Millipore), rabbit anti-Olig2 (a gift from Dr. Charles Stiles, Harvard University), mouse anti-Olig2 (Millipore), goat anti-Sox10 (Santa Cruz Biotechnology), rabbit anti-platelet-derived growth factor receptor ␣ (PDGFR␣; Santa Cruz Biotechnology), and guinea pig anti-NG2 (a gift from Dr. William Stallcup, Sanford-Burnham Medical Research Institute, La Jolla, CA). Tissue was fixed by intracardial perfusion with PBS followed by 4% paraformaldehyde. Tissues were dissected, postfixed overnight, and transferred to a cryoprotection solution (20% glycerol in 0.1 M Sorensen's buffer, pH 7.6). The immunohistochemistry protocol was adapted from Trapp et al. (1997) . Cortex and cervical spinal cord were sectioned (30 m) and stored at 4°C in cryostorage solution (30% ethylene glycol, 30% sucrose, and 1% PVP-40 in 0.1 M Sorenson's buffer). Sections were permeabilized with 0.3-10% Triton X-100 (depending on primary antibody combinations), blocked with 5% normal donkey serum (Jackson ImmunoResearch) and incubated with primary antibody for 1-3 d at 4°C. Tissue was washed in PBS and then incubated with the appropriate secondary antibody. For immunofluorescent detection, fluorescent-labeled secondary antibodies (Jackson ImmunoResearch) were used, incubated with tissue for 1 h at room temperature, washed with PBS, and coverslipped with Vectashield (Vector Laboratories).
Cell counts. For oligodendrocyte lineage cell number in the corpus callosum, images were acquired to include only the corpus callosum at the midline. In the spinal cord, images were acquired to include only the dorsal columns from serial sections of cervical spinal cord. All oligodendrocyte lineage cells were counted in an entire section for the corpus callosum or area of interest for the spinal cord. Cells were counted blindly in the corpus callosum and spinal cord from three sections per animal and at least three animals per group, using ImageJ cell counting software. MATLAB software was used to count cells in some studies.
Statistical analysis. For cell counts, the mean number of immunoreactive cells per animal was determined. Cells counted included total numbers of PDGFR␣-positive, NG2-positive, CC1-positive, or Olig2-positive cells. Student's t test, unpaired, was used to calculate statistical significance and graphed using GraphPad (GraphPad Software). All t tests underwent false discovery rate (FDR) analysis; FDR is 0.05. Values given represent the means Ϯ SEM.
Western blot. Tissue isolated from the oligodendrocyte-enriched corpus callosum or from the entire spinal cord was dissected, snap frozen in liquid nitrogen, and stored at Ϫ80°C until lysis. Tissue was lysed with glass homogenizers in radioimmunoprecipitation assay buffer (SigmaAldrich) plus a phosphatase inhibitor cocktail (Calbiochem; Millipore) and protease inhibitor tablet (complete-mini; Roche), and centrifuged at 10,000 ϫ g for 10 min at 4°C. The supernatant was collected and protein concentration was determined using the BCA protein Assay Kit (Thermo Fisher). The lysates were subjected to SDS-PAGE (4 -20% gradient gel) and the proteins transferred to PVDF membranes. The membranes were blocked with 5% bovine serum albumin in TBS and then incubated with myelin (see above, Immunohistochemistry) or protein kinase (see Table  1 ) primary antibodies, and immunodetection was performed with the appropriate IRDye infrared secondary antibodies (LI-COR). Blots were scanned and quantified using an Odyssey Infrared imager (LI-COR). All signaling antibodies were purchased from Cell Signaling Technologies.
Electron microscopy. For electron microscopy, animals were perfused with modified Karnovsky's fixative (2% paraformaldehyde/2.5% glutaraldehyde) in phosphate buffer, pH 7.4. The brain and spinal cord were removed and postfixed overnight in the same fixative. Corpus callosum was isolated from 1 mm coronal slices of brain between Ϫ0.94 and Ϫ2.18 of bregma (Franklin and Paxinos, 2008) . Spinal cords were cut into 1 mm coronal sections through the cervical enlargement. All tissue was postfixed in 1% osmium tetroxide, dehydrated in graded acetone, and resin embedded in Embed 812 (Electron Microscopy Sciences) using a PELCO BioWave Pro tissue processor (Ted Pella). The corpus callosum pieces were oriented such that sections could be cut midline in a sagittal plane. Spinal cord pieces were oriented such that sections could be cut in a transverse plane. Ultrathin sections (80 nm) were mounted on copper grids and stained with uranyl acetate and lead citrate and viewed at 80 kV on a Tecnai G2 transmission electron microscope (FEI). Electron micro- 
graphs of the corpus callosum were imaged at midline and spinal cord images were obtained from the region of the dorsal columns. g-ratio calculations. g-ratios of myelinated fibers were calculated as the ratio of the diameter of the axon to the diameter of the myelinated fiber derived from measuring the respective perimeter using ImageJ software (http://rsb.info.nih.gov/ij/index.html; Narayanan et al., 2009). A minimum of 100 axons per condition was quantified, and samples were analyzed from three animals per condition. 
RNA isolation and reverse transcription.
Animals were anesthetized and decapitated, tissue was removed, isolated, and snap frozen in liquid nitrogen. Tissue was stored at Ϫ80°C until extraction. Total RNA was extracted in TRIzol (Invitrogen) from microdissected corpus callosum or spinal cord using a Polytron PT3000 (Brinkmann). RNA (1 g) was reverse transcribed to cDNA (Invitrogen) . RNA integrity was evaluated on an RNA Nano Chip run on a Bioanalyzer 2100 (Agilent Technologies, Santa Clara CA). RNA integrity numbers (RIN) for all samples were 8.1-9.3. The synthesized cDNA was stored at Ϫ20°C until further use.
Quantification by quantitative PCR. Quantitative PCR (qPCR) was performed on a Roche LightCycler 480 II Real Time PCR instrument, using Roche LightCycler Probes Master (Roche 04 707 494 001). PCR was performed with TaqMan Gene Expression Probe Mix with RNAspecific primers (see Table 2 ) and 10 ng of cDNA per reaction. All standard curve and validation reactions were performed in triplicate with no template control (NTC) reactions for all primer sets. All samples were run in duplicate. PCR cycling parameters were as manufacturer's protocol. Advanced relative quantitation was performed using the LC480 II data collection software release 1.5.0.39 SP4. Seven log10 dilutions of plasmid template for all reference genes were prepared and used; PCR efficiency for all reference gene probe sets ranged from 92.2 to 96.3% with all r 2 values Ͼ 0.99. To avoid confounding technical variation, one standard curve sample for all reference genes was included on every plate. Geometric averaging of at least four reference genes (B2m, gapdh, Gusb, and Pkg1) was used to normalize all target gene transcripts. NTC reactions for all primer sets were Ͼ5 Cq from all control and unknown samples.
Results
Ablation of Raptor in spinal cord oligodendrocytes resulted in selective decreases in myelin proteins
To first assess if our animals had deficits, we investigated the impact of Raptor ablation on myelin proteins and mRNAs. Western blots and qPCR were performed on control Raptor fl/fl and Raptor cKO spinal cord samples at postnatal day 14 (P14; early myelination) and P29 (final stages of active myelination). At P14 there was a significant reduction in proteolipid protein (PLP), myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG), 2Ј3Ј cyclic nucleotide 3Ј-phosphodiesterase (CNP) and myelin associated glycoprotein (MAG), with the greatest reduction in MBP and MOG ( Fig. 1 A, B, left) . At P29, MBP, PLP and CNP remained reduced, but MAG was at control levels with MOG near control (Fig. 1B, right) . In the Rap- tor cKO spinal cord, MBP was the most consistently reduced myelin protein, suggesting a particular impact of the loss of mTORC1 on MBP protein accumulation. In the accompanying study on the complete mTOR cKO animal, MBP protein expression was also dramatically reduced (Wahl et al., 2014) . It should be noted that our cKO animals were CNP heterozygotes, which results in ϳ50% reduction in CNP enzyme activity, and presumably RNA (Lappe-Siefke et al., 2003) , and this may be the primary effect on CNP RNA and protein expression in these animals.
Ablation of Raptor in spinal cord oligodendrocytes resulted in altered myelin RNAs during oligodendrocyte development
Myelin RNA expression was quantified by qPCR for all myelin proteins examined (Fig. 1C) . In P14 spinal cord, all myelin protein RNAs were significantly reduced, as were the myelin proteins at this age. Interestingly, the myelin RNA levels were all ϳ50% of control ( Fig. 1C) , whereas MBP and MOG protein levels were far more reduced relative to control at this age (Fig. 1B, left) . At P29, myelin RNA expression was still reduced relative to controls (Fig. 1C, right) . However, only MOG and MAG RNAs were still significantly reduced. It should be noted that while MBP mRNA was somewhat reduced, MBP protein was barely detectable at P29 in Raptor cKO spinal cord.
Comparison of myelin protein expression relative to myelin RNA expression suggests an unexpectedly strong impact of Raptor cKO on myelin RNA expression in oligodendrocytes. Typically, mTORC1 (Raptor) is considered to impact protein translation, but only MBP protein was downregulated at both ages relative to its RNA expression. Thus, loss of mTORC1 appeared to reduce myelin RNAs ϳ50%.
Ablation of Raptor in corpus callosum oligodendrocytes resulted in selective decreases in myelin proteins and RNAs
Because of known oligodendrocyte heterogeneity, the impact of Raptor deletion in oligodendrocytes was also studied in the corpus callosum. The corpus callosum was microdissected from P14 or P29 Raptor cKO and control animals, and lysates were analyzed by Western blot (Fig. 2 A, B) . PLP, MBP, and CNP were significantly reduced in the corpus callosum from P14 with no significant reduction in MOG or MAG. By P29, MBP protein was close to control levels, while PLP, MOG, CNP, and MAG proteins were statistically significantly reduced (Fig. 2B) .
As for spinal cord, microdissected corpus callosum RNA from P14 and P29 Raptor cKO and control animals was analyzed (Fig.  2C) . At P14 PLP, MBP, and CNP RNAs were all significantly reduced in the Raptor cKO animals (Fig. 2C) , which correlated to the reductions seen in the myelin proteins (Fig. 2B) . However, although there was no reduction in MAG protein there was a small, but significant reduction in MAG RNA (Fig. 2C) . At P29, the myelin RNAs in the corpus callosum of the Raptor cKO mice were all decreased compared with control levels, although the decrease in MAG was no longer significant (Fig. 2C) . The reductions in protein expression were generally consistent with the losses in RNA for these samples. These data suggested that mTORC1 may have a particular role in transcriptional regulation in oligodendrocytes, in addition to its known role in protein translation. The impact of mTORC1 on oligodendrocyte RNA expression may be a major regulator of the overall oligodendrocyte differentiation program.
The most striking differences between the impact of Raptor loss in spinal cord and corpus callosum was the dramatic absence of MBP protein in Raptor cKO spinal cord. MBP was reduced at P14 in both regions, but it recovered to close to control levels in corpus callosum by P29. We therefore investigated oligodendrocyte differentiation in these animals. Since a small number of PDGFR␣-positive cells did not also express Olig2, they were not included in this quantification. Quantification was from n Ն 3 sections from n Ն 3 animals. B, P29 spinal cord sections were stained for Olig2 (red, all oligodendrocyte lineage cells) and CC1 (green, mature oligodendrocytes). Representative image (top) and quantification (lower graph) of total oligodendrocytes and mature oligodendrocytes in the corpus callosum of P29 control Raptor fl/fl and Raptor cKO animals. The left graph represents the total number of Olig2-, or CC1-positive cells. The right graph is the percentage of the total Olig2-positive cells that double labeled for CC1. Since a small number of CC1-positive cells did not also express Olig2, they were not included in this quantification. C, Representativeimages of 2 month (2M) Raptor control and Raptor cKO corpus callosum stained with PDGFR␣ (green), CC1 (blue), and Olig2 (red; top).D, Quantification of total Olig2-, PDGFR␣-, and CC1-positive cells showed a reduction, but was not significantly reduced. Quantification was from n Ն 3 sections from n Ն 3 animals. Scale bars, 50 m. Values displayed as ϮSEM (*p Ͻ 0.05, **p Ͻ 0.005). . The size distribution of myelinated axons was quantified and shown to be statistically significantly different (B-D, graph 4). Significant dysmyelination of large caliber axons was noted at P29 (E), which prevented an accurate g-ratio measurement for the P29 time point, where few large diameter axons could be analyzed for g-ratio (C, scatter plot, red squares). Large caliber axons with uncompacted myelin (dysmyelinated) at P29 were quantified (E, graph). The dysmyelination noted at P29 was not seen at 2 months of age, but compacted myelin was thinner than control. Scale bars: A, low-magnification images, 1 m; E, high-magnification representation of the myelin sheath, 100 nm. Values are displayed as ϮSEM (n ϭ 3, *p Ͻ 0.05, **p Ͻ 0.005).
Ablation of Raptor in spinal cord oligodendrocytes resulted in delayed maturation
To assess whether changes in oligodendrocyte protein and RNA expression resulted from an impact of Raptor on oligodendrocyte differentiation, the total number of oligodendrocytes and their differentiation into mature, myelinating oligodendrocytes was analyzed. Oligodendrocyte progenitors (NG2 proteoglycan-positive cells), mature oligodendrocytes (CC1-positive cells), and total oligodendrocyte number (Olig2-positive cells) were quantified at P14 and P29. The total number of oligodendrocytes (Olig2-positive cells) in Raptor cKO spinal cord was only slightly reduced at P14. Intriguingly, at P14, there was a significant increase in NG2-positive cells (Fig. 3A, left, B) with a reduction in the number of CC1-positive cells (Fig.  3 A, B) . When only the double-positive NG2/Olig2-positive or CC1-positive/ Olig2-positive cells were quantified (Fig.  3B, right graph) , the percentage of NG2/ Olig2-positive cells for cKO mice was dramatically upregulated, relative to control, and CC1/Olig2-positive cells were reduced. This suggested that the loss of mTORC1 in these cells delayed oligodendrocyte progenitor cell (OPC) maturation. Reductions in Olig2-positive and CC1-positive cells remained at P29, although not statistically significant (Fig.  3C) . By 2 months, however, there was a dramatic loss of total oligodendrocytes in the spinal cord, in particular the mature CC1-positive cells (Fig. 3 D, E) . Thus, in spinal cord, the loss of Raptor appears to lead eventually to significantly reduced numbers of myelinating oligodendrocytes.
Oligodendrocyte cell number and differentiation in Raptor cKO corpus callosum were also reduced As in the spinal cord, the total number of oligodendrocytes and their differentiation state were quantified in the corpus callosum. In this tissue, the OPC number was more easily quantified by staining for the OPC marker PDGFR␣ rather than NG2, which was more useful in spinal cord. CC1-positive and Olig2-positive cells were quantified as in the spinal cord. In contrast to the spinal cord where there were increased OPCs at P14, there was a reduction in the total number of oligodendrocytes and of OPCs at P14 in corpus callosum. The percentage of oligodendrocyte-lineage cells in corpus callosum at this age that were OPCs was reduced, although not significantly different from controls (Fig. 4A, right graph) . At P29, the reduction in the total number of oligodendrocytes persisted, and the relative percentage of CC1-positive mature oligodendrocytes was reduced (Fig. 4B, right graph) . Thus, as in spinal cord, differentiation was delayed, and there was a reduction in the total oligodendrocyte population in the corpus callosum compared with the controls at P29 (Fig. 4B) . Intriguingly, however, by 2 months, oligodendrocyte number and differentiation state in the Raptor cKO corpus callosum were indistinguishable from control animals (Fig. 4C,D) . Thus, in contrast to spinal cord, where the loss of Raptor resulted eventually in the loss of total myelinating oligodendrocytes, the loss of Raptor in oligodendrocytes in the corpus callosum initially delayed differentiation, but oligodendrocyte number and differentiation recovered with time. Interestingly, in the collaborative study on mTOR cKO animals studied by Wahl et al. (2014) , there were also greater effects on oligodendrocyte differentiation in spinal cord relative to corpus callosum.
Myelin sheath thickness was reduced in the spinal cord of Raptor cKO animals
Spinal cord myelin was analyzed by electron microscopy at P14, P29, and 2 months. In addition to the reduction in oligodendro- Figure 6 . In contrast to spinal cord, in Raptor cKO corpus callosum, myelin sheath compaction was relatively normal. A, Electron micrographs in the corpus callosum of floxed Raptor (black) and Raptor cKO (red) mice at P14 (initiation of myelination), P29 (peak of active myelination), and 2 month (2M; myelin maintenance phase). B, Quantification of the g-ratio as a scatter plot with axonal diameter on the x-axis and the g-ratio on the y-axis for the P29 and 2 month floxed Raptor and Raptor cKO animals (B, C). At P14, there were few myelinated axons (large caliber) in either group. Note high-magnification images of myelin at P29, where there were subtle deficits in myelin compaction in the Raptor cKO mice, but there is not an overall reduction in myelin sheath thickness. At 2 months (2MO), the axonal caliber and myelin thickness was comparable between Raptor fl/fl and Raptor cKO mice (C). Scale bars: A, low-magnification images, 1 m; high-magnification image insets, 100 nm. Values displayed as ϮSEM (n ϭ 3, *p Ͻ 0.05, **p Ͻ 0.005, ***p Ͻ 0.001).
cyte number in the Raptor cKO animals compared with controls (Fig. 3) , the myelin sheath was thinner in the dorsal columns of the Raptor cKO mice (Fig. 5A ). Quantitative analysis of g-ratios showed a significant reduction in myelin thickness (increased g-ratio) in the P14 spinal cord of the Raptor cKO animals (Fig.  5B ). There was also essentially a doubling of the number of unmyelinated axons at P14, with a shift in distribution from small axons to those Ͼ1 m. These data suggested that loss of Raptor in spinal cord oligodendrocytes resulted in less myelination of small axons, leaving more unmyelinated, and larger axons with thinner myelin. By P29, however, the normal number of axons was myelinated, including more small axons in Raptor cKO spinal cords (Fig. 5C ), although axons with a diameter Ͼ3 m had abnormal myelin compaction at this age (Fig. 5C,E) . Myelin thickness on these larger axons could not be quantified for g-ratio due to the atypical myelin compaction (Fig. 5C,E) . Thus, the myelinated axons clearly had thinner myelin (Fig. 5A, middle images) , but the g-ratio presented is for the thinner axons, as it was not possible to quantify that accurately for the whole population of myelinated axons. However, at 2 months of age in the Raptor cKOs, while the reduction in myelin sheath thickness was still present, the compaction of the large caliber axons appeared to recover, relative to the control animals, as did the size distribution of myelinated axons (Fig. 5 A, D) . Thus, the excess myelin seen at P29 appeared to have been degraded and eliminated as the tissue matured. The impact of Raptor cKO on myelin ultrastructure in spinal cord is consistent with our earlier data that suggested delayed oligodendrocyte differentiation and production of myelin proteins and RNAs in this CNS region (Figs. 1, 3) .
In contrast, in Raptor cKO corpus callosum, the myelin sheath appeared relatively normal Myelin ultrastructure in the corpus callosum was determined by electron microscopy. In contrast to the Raptor cKO spinal cord, myelin sheath thickness was normal at P14, P29, and 2 months of age ( Fig. 6A-C) . At P14, at the midline, there were very few myelinated axons in control or Raptor cKO corpus callosum, and g-ratios were not quantified. At P29 and 2 months of age, there were similar numbers of myelinated axons, and relatively "normal" compacted myelin in the Raptor cKO mice. However, we did observe axonal pathologies and aberrant myelination in some micrographs (data not shown). Additionally, at 2 months, the ultrastructure of corpus callosum myelin in the Raptor cKO animals was very poorly defined relative to control. Thus, compared with control myelin that had the typical major dense line/intraperiod line appearance, myelin from the Raptor cKO corpus callosum had a very regular structure, but neither the major dense line nor the intraperiod line were easily identified (Fig. 6A , inset, right top and bottom). Though the myelin thickness may not be significantly changed, it is possible that there are ultrastructural disturbances of the major dense line and intraperiod line, resulting from the loss of MBP and PLP (Fig. 2) .
Loss of mTORC2 had less impact on oligodendrocyte development than loss of mTORC1
Rictor conditional KO (Rictor cKO) mice were generated from Rictor fl/fl (control) and CNP Cre ϩ/Ϫ crosses. In these mice, oligodendrocyte maturation was not reduced, despite a delay in expression of specific myelin proteins and mRNAs. In the spinal cord of the Rictor cKO animals at P14, as with Raptor cKO mice, MBP, PLP, MOG, and MAG proteins were significantly reduced. However, by P29, myelin protein expression was normal except for the continued significant reduction in MAG (Fig. 7 A, B) . Myelin RNA expression was consistent with the protein expression except for MBP at either age and MAG at P14, which were apparently translated less efficiently than expected, based on their mRNA expression levels (Fig. 7C) . Interestingly, both CNP RNA and protein were at control levels, which was unexpected for CNP-Cre heterozygous animals that, as noted above, typically have reduced CNP (Lappe-Siefke et al., 2003) .
In the P14 spinal cord of the Rictor cKO animals, there were close to normal numbers of Olig2-positive cells but a reduction in NG2-positive OPCs (Fig. 7D) . The ratio of NG2-positive OPCs to total oligodendrocytes was reduced compared with control animals (Fig. 7D, right graph) , with a moderate but not significant increase in CC1-positive cells (Fig. 7D) . Interestingly, at P29 there were comparable numbers of total oligodendrocytes and of CC1-positive cells, relative to control, with an increase in the percentage of mature cells in the Rictor cKO spinal cord. These data suggest that there is no delay in oligodendrocyte maturation during active myelination in the spinal cord, but rather precocious maturation of oligodendrocytes in the absence of Rictor (Fig. 7E) .
In Rictor cKO corpus callosum, myelin protein and RNA expression were also downregulated ( Fig. 8 A, B) . At P14, only MBP and PLP protein were significantly reduced (Fig. 8B, left graph) . By P29, PLP expression had recovered, but MBP remained reduced, and now MOG, CNP, and MAG proteins were reduced (Fig. 8B, right graph) . The myelin RNAs were also reduced in the Rictor cKO corpus callosum to ϳ50% of control at both P14 and P29 (Fig. 8C) . The number of PDGFR␣-positive cells, Olig2-positive cells, and the ratio of PDGFR␣-positive/Olig2-positive cells were normal at P14 (Fig. 8D) . Assessing oligodendrocyte differentiation, no significant differences were seen in the number of CC1-positive, Olig2-positive, or CC1-positive/Olig2-positive cells at P14 or P29 (Fig. 8E) , suggesting that the cell population and its differentiation program were relatively normal, but their specific myelin gene expression and protein translation were reduced per cell.
The ultrastructure of the myelin sheath remained unperturbed when Rictor was ablated in the oligodendrocytes Despite the reductions in myelin RNAs and proteins in both Rictor cKO spinal cord and corpus callosum, the myelin sheath thickness and integrity appeared comparable to control animals at P14, P29, and 2 months (Fig. 9 A, B ). There were no significant differences in the g-ratio of the Rictor cKO animals compared with the Rictor fl/fl controls ( Fig. 9 B, C,D) . However, a statistically significant change in the distribution of myelinated axons was noted, in which there were fewer myelinated axons above 2 m in Rictor cKO spinal cords at P29 (Fig. 9C ) compared with controls. Comparable results were obtained in the corpus callosum (Fig.  9 E, F,G) .
Signaling changes in the CNS of Raptor and Rictor cKO mice
Spinal cord or corpus callosum-enriched samples were analyzed by Western blot and immunofluorescence for changes in signaling. In Raptor cKO spinal cord and corpus callosum, there were reductions in phosphorylated (p) Raptor, the downstream target of mTORC1, phosphorylated S6 ribosomal protein (pS6RP), and p4EBPs ( Fig. 10C; see Tables 3 and 4 for quantification). These data validated efficient loss of Raptor protein in the spinal cord of the Raptor cKO animals. Additionally, there was also effective loss of Raptor mRNA quantified by qPCR (data not shown). While some changes seen on Western blot could be attributed to other CNS cells, immunohistochemical analysis of the P14 (Fig.  10A) and P29 (Fig. 10B) spinal cords demonstrated reduced pS6RP and/or pRaptor in Olig2-positive or Sox10-positive cells in the Raptor cKO mice and not in the Rictor cKO mice. Despite extensive effort, immunofluorescence for Rictor was unsuccessful with available antibodies, preventing analysis of cell-specific deletion in Rictor cKO mice, but it was clearly downregulated by Western blot (Fig. 10 E, F, Tables 3, 4 ) and qPCR (data not shown). Unexpectedly, in the spinal cord and corpus callosum of the Rictor cKO mice, there was not a significant reduction in the known mTORC2 target, pAkt serine 473, except at P29 in corpus callosum. It was actually upregulated in Rictor cKO corpus callosum at P14. However, as noted above, this may represent expression in nonoligodendrocyte-lineage cells, particularly in dissected P14 corpus callosum, which is not as well delineated as in older tissue.
Despite significant upregulation of phospho-Rictor at P14 in Raptor cKO spinal cord, there was no evidence of functional compensation by mTORC2 signaling in these mice. In both the spinal cord and corpus callosum of the Raptor cKO mice, mTORC2 signaling (pAkt473) was not upregulated, and was in fact downregulated at P29 in corpus callosum ( Fig. 10; Tables 3,  4) . On the other hand, pERK was upregulated in Raptor cKO spinal cord and corpus callosum, and it was clearly expressed at high levels in Sox10-positive oligodendrocytes in Raptor cKO mice (Fig. 10A) .
Interestingly, in the spinal cord and corpus callosum of the Rictor cKO mice at P14, there were clear reductions in pS6RP, pmTOR2448, and total Raptor protein ( Fig. 10 E, F; Tables 3, 4) . Thus, upregulation of the mTORC1 signaling pathway did not compensate for the loss of Rictor, and there may actually be a reduction of mTORC1 signaling in Rictor cKO mice. There was also no evidence that the ERK signaling pathway was compensating for the loss of Rictor and the downregulation of mTORC2 to regulate active myelination. Thus, either Rictor (mTORC2) has little impact on myelination, or we have not yet identified the compensating pathway. The data described above (Fig. 7) suggest that at least in spinal cord, it may be a negative regulator of initial oligodendrocyte differentiation. We propose a working model that depicts possible signaling mechanisms regulating myelination between the Akt/mTOR and ERK 1/2 signaling pathways (Fig. 10G) . These data suggested that Akt/mTORC1/S6RP-mediated signaling is critical in regulating myelination, in particular in the spinal cord, that mTORC2 may act as a negative regulator of initial oligodendrocyte differentiation, and that ERK 1/2 signaling may be increased in the Raptor cKO mice, but not the Rictor cKO mice.
Discussion
Our studies demonstrated that mTORC1 was a positive mediator of oligodendrocyte differentiation and active myelination in the spinal cord. When Raptor, the functional mTORC1 component, was deleted in oligodendrocytes, its established downstream target, S6RP, was downregulated in oligodendrocytes in the white matter of the spinal cord and in the corpus callosum (Fig. 10) . (D) . Note that at P29 there is a significant increase in the frequency of small caliber axons in the Rictor cKO compared with control animals. Note no change in g-ratio at any age (bottom). E, Electron micrographs of P14, P29, and 2M tissue at the midline of the corpus callosum of floxed Rictor (black) and Rictor cKO (red) animals. F, G, Quantification of the g-ratio of P29 and 2MO. Scale bar, 1 m. Values are displayed as ϮSEM (n ϭ 3).
Ablation of Raptor resulted in decreased oligodendrocyte number, maturation, myelin sheath thickness, and compaction of large caliber axons at the peak of active myelination, exclusively in the spinal cord. The ultrastructural changes to the integrity of the myelin sheath, the downregulation of myelin protein and RNA, and the changes in oligodendrocyte number and differentiation program showed that mTORC1 is a key signaling mediator of myelination at both the translational and transcriptional level. mTORC2 function in oligodendrocyte differentiation and myelination is less clear. Our Rictor cKO animal had significant changes in selected myelin proteins and mRNAs, and a shift to reduced myelination of large axons, although myelin sheath thickness was not reduced. The intriguing aspect of the Rictor cKO mice was that there was precocious differentiation of oligodendrocytes in some regions. Together, these data suggest that Raptor (mTORC1) is a positive regulator of the later stages of oligodendrocyte differentiation and active myelination, while Rictor (mTORC2) may be a negative regulator of initial oligodendrocyte differentiation. mTORC1 is classically known as a regulator of protein translation, but in these studies, the significant reduction in multiple myelin proteins likely resulted from the concomitant reduction in myelin RNAs. Intriguingly, the most downregulated myelin protein in spinal cord was MBP, which was expressed at far lower concentration than its reduced RNA would predict. Thus, MBP is the only protein for which mTORC1-dependent translation would be suggested. MBP is translated on ribosomes out in the myelin (Colman et al., 1982; Ainger et al., 1993 Ainger et al., , 1997 Carson et al., 1997) . Far less MBP protein was present than MBP RNA in multiple regions and developmental stages (Figs. 1, 2, 7, 8) . Since the MBP RNA was only 50% reduced at P14 and was not statistically significantly reduced at P29 in Raptor cKO spinal cord (Fig. 1) , the fact that the protein was dramatically reduced in expression may indicate that the MBP RNA cannot be trafficked appropriately or efficiently translated locally. This would be consistent with studies in neurons demonstrating that mTORC1 regulates local translation of mRNAs (Schratt et al., 2004; Takei et al., 2004; Vickers and Wyllie, 2007) .
In contrast to Raptor (mTORC1), Rictor was not essential for active myelination, and its impact was subtle. Thus, Rictor deletion slightly increased oligodendrocyte differentiation, and the increased CC1-positive cell number in the corpus callosum of the Rictor cKO mice at P14 and P29 is consistent with the concept that Rictor may be a negative regulator of mTORC1 during differentiation of the OPC to a myelinating oligodendrocyte. That interpretation would fit with our Western blot analysis that showed in the P14 Raptor cKO spinal cord samples that there was increased phosphorylated Rictor protein expression at the same time there was an increase in NG2-positive cells. (Figs. 3,  10) . As in these studies on Raptor/Rictor ablation in oligodendrocytes, it is not uncommon for tissue-specific ablation to show a more severe phenotype in Raptor versus Rictor loss. In skeletal muscle, it has been reported that Raptor but not Rictor ablation resulted in severe myopathy (Bentzinger et al., 2008) . When assessing the role of the complete mTOR knock-out in this system, it was concluded that Raptor (mTORC1) signaling was critical for regulating oxidative muscle integrity while Rictor was dispensable (Risson et al., 2009 ). There appears to be interaction of the two pathways in other cells. mTORC1 activation of S6K can regulate mTORC2 signaling (Julien et al., 2010) . However, to date, there are no data demonstrating regulation of mTORC1 by Rictor/mTORC2. Therefore, Raptor ablation could potentially dysregulate both mTORC1 and mTORC2 function, but not vice versa, and Rictor ablation would be expected to have a more selective impact in cells.
It is particularly intriguing that myelin appeared relatively normal in several regions in both Raptor/Rictor cKO mice despite major losses of myelin proteins. Only those samples that had very low levels of MBP had major myelin changes. This is consistent with myelin production in numerous myelin gene deletion mice. For example, the shiverer mouse, which has a deletion in the MBP gene and produces no MBP protein, produces essentially no myelin Takahashi et al., 1985; Molineaux et al., 1986 ). This deletion is repaired by overexpression of the normal MBP gene, and as little as 25% of normal amounts of MBP are sufficient to "cure" the MBP deletion in shiverer mice and allow myelin accumulation (Popko et al., 1987; Shine et al., 1992) . Thus, the presence of 25% or more MBP protein in Rictor cKO tissues (Figs. 7, 8) should be sufficient to allow myelin accumulation. In contrast, the full deletion of MAG, PLP, or CNP has surprisingly little impact on myelin production (Montag et al., 1994; Klugmann et al., 1997; Lappe-Siefke et al., 2003) . These deletion mice all demonstrate long-term detrimental effects on axonal function, and clearly the myelin is altered, but actual production of the myelin is not prevented, even with the loss of one of the most abundant myelin proteins, PLP. This suggests that extensive redundancy is part of the CNS myelination program, and possibly because of the truly essential nature of myelin for normal brain function, loss of very few myelin proteins completely eliminates myelin accumulation.
Our studies suggest that while mTORC1 affects oligodendrocyte development, particularly in the spinal cord, it is not having a major impact on myelin protein translation, except as noted above for MBP. It is possible that its impact on myelin RNA expression in these cKO animals was through the translation of important oligodendrocyte transcription factors, and this will be an important area for further investigation. Increasing evidence indicates that mTORC1 impacts RNA expression in several ways. For example, it is known to regulate transcription of genes that impact cell metabolism (Cunningham et al., 2007) . Importantly, Raptor has been shown to physically bind to and regulate how YY1 (another transcription factor important for oligodendrocytes) binds to gene promoters (Cunningham et al., 2007) . Furthermore, its activation or downregulation in adipocytes regulates RNA expression for specific lipid synthesis enzymes (Chakrabarti et al., 2010) , and adipose-specific knock-out of Raptor results in increased expression of RNAs encoding mitochondrial metabolic proteins (Polak et al., 2008) . Thus, Raptor has been clearly shown to have mTORC1-dependent and -independent functions in other systems in which it regulates protein and gene expression.
In the analysis of myelination per se, both the mTOR cKO (Wahl et al., 2014) and Raptor cKO animals (Figs. 5, 6 ) displayed reduced myelin sheath thickness in the spinal cord but not in the corpus callosum. These data suggest that compensatory pathways may exist in the corpus callosum that regulate myelination independent of mTOR/mTORC1. Though we performed a thorough analysis of the myelin protein and mRNAs of the different regions, we have not yet investigated the role of lipid biogenesis in oligodendrocytes, essential for myelin membrane formation. Many lipid biosynthetic enzymes are regulated by mTORC1 and mTORC2 in other systems (Yecies et al., 2011; Ricoult and Manning, 2013) , and the Wood laboratory has previously shown that there are a plethora of mTOR complex targets, including lipid enzymes, which are modulated upon pharmacological inhibition of mTOR in vitro (Tyler et al., 2011) . There is increasing evidence for regional heterogeneity of oligodendrocytes (Reynolds and Herschkowitz, 1987; Hardy et al., 1996; Riddle et al., 2006; Sypecka and Sarnowska, 2013) . For example, the ablation of Fyn kinase results in differential impact on myelination in different areas of the CNS (Sperber et al., 2001 ). Spatial and/or temporal oligodendrocyte heterogeneity may be highlighted in our Raptor cKO animal model, in which we see different types of dysmyelination of two different areas of the CNS. The extensive loss of oligodendrocytes in the spinal cord of these mice clearly indicates a different mechanism for Raptor signaling in spinal cord oligodendrocytes, relative to corpus callosum. Such regional regulation may result from differences in the extracellular environment and the surrounding neurons and their axons, which could influence and modulate intrinsic oligodendrocyte signaling. In contrast, an intrinsically heterogeneous population of oligodendrocytes may use different signaling mechanisms to regulate myelination in different regions of the CNS. For example, recent studies suggest significant differences in the ability of gray matter oligodendrocytes to respond to environmental cues in white matter areas (Viganò et al., 2013) . While our studies do not compare white and gray matter myelination, the extracellular environment and architecture of the corpus callosum is likely quite different from spinal cord tracts. Thus, some element of compensation must occur in corpus callosum oligodendrocytes to maintain the normal numbers of oligodendrocytes and enhance myelination in the absence of mTORC1.
One mechanism by which the impact of Raptor loss may be differentially regulated is through intracellular signaling. It has been shown in vivo in the spinal cord that ERK 1/2 MAPK signaling is not required for oligodendrocyte differentiation, but is necessary for regulating myelin sheath thickness during active myelination (Ishii et al., 2012) . We hypothesize that while ERK 1/2 signaling increased somewhat in spinal cord, Raptor loss could not be fully compensated for by ERK 1/2, and therefore Raptor cKO animals had reduced myelin sheath thickness in spinal cord. In contrast, ERK 1/2 signaling was increased even more in corpus callosum, where the major impact of Raptor loss was delayed oligodendrocyte maturation, but eventually oligodendrocyte number and myelin thickness were not significantly different from controls.
Trying to resolve the potential unique functions of mTORC1 and mTORC2 in oligodendrocytes has been aided by our collaboration with the Wood laboratory. We used similar animal models to conditionally ablate mTOR, Raptor, or Rictor, and used the pooled results to distinguish unique functions for each complex throughout oligodendrocyte differentiation and myelination. Data from both of our laboratories suggested that while there might be a tight balance between mTORC1 and mTORC2 activity that regulates oligodendrocyte differentiation and myelination, the mTORC1 pathway was the more critical mTOR complex regulating oligodendrocyte differentiation and myelination. Our studies and those of Wahl et al. (2014) on the conditional mTOR deletion have strikingly similar phenotypes for spinal cord development. Thus, there was initially less myelination of small axons, more unmyelinated axons in general, and thinner myelin of larger axons, and even at 2 months, there was thinner myelin. These studies on either the mTOR deletion or Raptor deletion in oligodendrocytes suggest that mTOR, likely acting through mTORC1, is a positive regulator of oligodendrocyte differentiation in the spinal cord (Wahl et al., 2014; Fig. 3) .
These studies have shown that mTOR signaling, and more specifically, signaling through mTORC1, was the more critical complex in regulating developmental oligodendrocyte differentiation and myelination in a region-specific manner. Both mTORC1 and mTORC2 modulated the oligodendrocyte program during development, but mTORC1 and mTORC2 do not functionally compensate for the loss of the other, and they have unique functions within the oligodendrocyte program.
